Pholiota adiposa is an edible mushroom with excellent nutritional and medicinal properties.
Introduction

30
Pholiota adiposa (Batsch) P. Kumm. is an edible mushroom that is widely distributed on dead 31 poplars, willows, or birches in forested areas in China [1, 2] . It is also a lignin-degrading 32 macrofungus with excellent nutritional and medicinal properties [2] . Compounds extracted from the 33 fruiting bodies or mycelia of P. adiposa display a variety of important biological activities, such as 34 antitumor [2] [3] [4] , antioxidative [5] , antimicrobial [6] , and anti-HIV-1 [7] effects. P. adiposa has 35 become popular not only in China but also in several regions of Asia, Europe, and North America, 36 owing to its delicious taste and beneficial properties [7, 8] .
37
Mushroom breeding involves various methods, but crossbreeding is considered the most 38 efficient way to develop new, good quality strains of edible mushrooms [9] [10] [11] . Intra-species 39 crossbreeding has been reported in Sparassis latifolia, Pleurotus tuoliensis, P. eryngii species etc 40 [10] [11] [12] [13] , and inter-species crossbreeding has been reported between P. eryngii and P. nebrodensis 41 etc [14] . High yield is a key benefit of crossbreeding. Most P. adiposa cultivars were 42 domesticated from the wild and their yields are not very high, and reports on breeding of this 43 mushroom are limited. In our previous work, strain P. adiposa HS5 (JZB2116005) [ ligninolytic enzyme as a marker to screen protoplast fusants, and the growth rates and biological 59 efficiencies of new strains were higher than those of the parental strains [19, 21] . Therefore,
60
RBBR offers an efficient approach to evaluating new fungal strains.
61
In this study, crossbreeding between P. adiposa and P. limonella was used to develop a new 62 strain (P. adiposa-limonella) with high BE and MGR, with decolorization of RBBR by a 63 ligninolytic enzyme used as a marker to screen crossbred strains.
64
Materials and methods
65
Strains and growth conditions
66
The fruiting bodies of P. adiposa HS5 and P. limonella HS4 were collected from Haidian and
67
Changping districts, respectively, in Beijing, China, and then isolated by tissue culture. The strains 4 68 were cultured and maintained on potato dextrose broth at 25°C. When required, 1.5% (wt/vol) agar 69 was added to the appropriate medium.
70
Single-spore isolation
71
The method was performed as previously described by Wang et al [13] . with minor 72 modifications. Briefly, fruiting bodies were placed in Erlenmeyer flasks containing 100 ml of 73 sterilized water to generate spore suspensions. One hundred microliters of spore suspension (about 74 1 × 10 3 spores/ml) was spread onto potato dextrose agar (PDA) plates and incubated at 25°C for 75 five days for spore germination. Monokaryons originating from monospores were identified based 76 on the absence of clamp connections on mycelia ascertained by microscopy (400× magnification).
77
PDA-RBBR plate screening and MGR assessment of monokaryons 78
The strains were transferred from PDA to PDA-RBBR (PDA medium supplemented with 79 RBBR to the terminal concentration of 0.05 % (w/v) to screen for monokaryons. The degree of 80 RBBR fading was designated 1, 2, 3, or 4. A higher number represented greater RBBR 81 decolorization with a more active ligninolytic enzyme. The MGR was determined by observing 82 the radial growth length of mycelia on PDA-RBBR plates.
83
Pairings between single-spore isolates 84
Inter-strain pairing experiments were performed using random single-spore isolates (SSIs) 85 derived from strains P. adiposa HS5 and P. limonella HS4. Mating was conducted by placing 86 mycelial blocks opposite a monokaryotic mycelium on PDA. Mycelium fragments were taken from 87 the contact zone between the paired colonies and individually transferred to PDA plates for further 88 incubation. When the colonies grew to 1.0-1.5 cm in radius, the mycelia were monitored using a 89 microscope to identify dikaryotic hybrids by clamp connections.
90
Antagonistic activity tests
91
Antagonistic activity assays were performed as previously described, with minor modifications (Xiang et al., 2016) . Briefly, two parental strains and the putative hybrids were co-cultured at 25°C 93 in 9-cm PDA plates, with every two mycelial fragments placed 2 cm apart. Somatic incompatibility 94 reactions were observed after incubation for 10 days.
92
95
Fruiting and cultivation methods
96
Substrates were prepared with 67% (w/w) water content containing 60% cottonseed hull,
97
18% sawdust, 15% wheat bran, 5% corn flour, 1% gypsum, and 1% lime and placed in 98 polypropylene bags (17 cm × 33 cm × 0.04 cm) at a packing density of 1,000 g of substrate per 99 bag. The bags were autoclaved at 121°C for 120 min. The inoculated bags were then maintained 100 in a spawn running room at 23-25°C and 50-60 relative humidity under dark conditions. After a 101 complete spawn run, mycelial differentiation was induced by stimulation at 0-5°C for 3-5 days.
102
The bags were then transferred to a fruiting chamber that was maintained at 18 ± 2°C and a were obtained in triplicate, and differences were determined by Duncan's multiple range testing.
120
Statistical differences were considered significant at the 5.0% level (P < 0.05).
121 Results
122
Selection of P. adiposa HS5 and P. limonella HS4 monokaryons
123
One hundred and twenty-six and 103 monokaryons were isolated from P. adiposa HS5 and 124 P. limonella HS4, respectively. Monokaryons were selected for further study based on analysis of 125 mycelial growth rates and their abilities to decolorization of RBBR (Fig 1) 138 MGR greater than that of HS5) and resulted in the identification of 55 crossbred strains for further 139 study. A second screening of the 61 strains resulted in 12 putative crossbred strains with fading 140 degree ≥ 3 and an MGR greater than that of HS5 (Table 3) . To avoid losing strains with good 141 traits, the top six strains with a high MGR and fading degree ≤ 2 were also selected for further 142 study. All 18 putative hybrids showed strong somatic incompatibility reactions with both parental 143 strains, so these 18 crossbred strains were retained for further study.
144
Fruiting body production from crossbred strains
145
The parental and 18 crossbred strains were cultured, and fresh weight, and mycelial 146 colonization time were compared between the strains (Table 4 ). Among the 18 crossbred strains,
147
A20B3, A4B6, A16B3, and A16B6 showed abnormal fruiting bodies, and A5B1, A20B12, A6B6, 148 and A10B12 did not form fruiting bodies at all. The weight of the fresh fruiting body of parental 149 strain HS5 in one bag was 134.57 ± 5.45g, which was 43.14 g more than that of HS4 (Table 4) .
150
The BEs of HS5 and HS4 were 40.78 ± 1.65% and 27.71 ± 1.59%, respectively, in the first flush 151 (Table 4 ). Two crossbred strains (A10B4 and A14B4) were more productive than parental strain 152 HS5 (Fig 2) , and five crossbred strains were more productive than parental strain HS4. The most 153 productive strain was A10B4, but the difference in productivity between A10B4 and A14B4 was 154 not significant. The mycelial colonization time of HS5 was 30.82 ± 0.98days, which was 6.1 days 155 longer than HS4 (Table 4 ). Among the crossbred strains, A10B5, A10B4, and A1B18 displayed 8 156 the shortest mycelial colonization times at 24.36 ± 1.03, 25.18 ± 1.33, and 25.00 ±1.18 days,
157
respectively. Comprehensive comparisons of yield, mycelial colonization time indicated that 158 A10B4 possessed the most desirable traits of all of the crossbred strains.
159
ISSR analysis
160 Crossbred strain A10B4 and the parental strains were analyzed by ISSR. Among the tested 161 primers, four primers P11, P856, P23, and P857 were found to efficiently amplify the genomic 162 DNA from all strains (Fig 3) . The size of the polymorphic fragments obtained ranged from 200 bp 163 to 5000 bp, and differences were observed in the number of bands obtained (Fig 3) . The crossbred 164 strain and two parental strains showed characteristic differences in the presence and absence of 165 fragments. More than eight different fragments were amplified in crossbred strain A10B4 using 166 the four primers. The results of PCR amplification indicated that A10B4 is a new hybrid strain and 167 that differences in numbers of fragments are useful to identifying this strain.
168 Discussion
169
Cross-breeding using monokaryons was an efficient method to develop new strains. In this 170 study, P. adiposa and P. limonella were crossbred to develop a new strain (P. adiposa-limonella) 171 with high yield and MGR. The new high-yield crossbred strains obtained in this study should 172 benefit future commercial cultivation efforts.
173
Dikaryotic mycelia form a clamp connection [12, 22] , and in this study, mycelia were 
308
The RBBR fading degree was scored as 1 (+), 2 (++), 3 (+++), or 4 (++++). A, B, C, and D show 309 RBBR fading degrees of 1, 2, 3, and 4, respectively. 
